Experimental Operating Range Extension of a Twin-Spool Turbofan Engine by Active Stability Control Measures
Introduction
The efficiency in operation of gas turbine engines and its improvement is a mandatory task in the design process of an engine of the next generation. The highest efficiency can be expected close to the surge line, therefore it is useful to reduce the design surge margin. As a consequence, the compression system must have a higher loading. It can be reached by either increasing the pressure ratio while keeping the same number of stages or by reducing the stage count and leaving the pressure ratio unchanged. For any operational aspects, such as handling characteristics at engine dynamics or inlet distortions the capability of sufficient operational reliability has to be ensured. For this purpose, a system is required to handle all possible effects and tolerate all negative influences on the operation process. Such a system is presented in this paper. Based on the air injection system, a control program supervises the pressure signals in the compression system and gives an input signal to the air injection valves to open to the required position. This allows the system to react on instabilities such as rotating stall, surge, and also their precursors.
Air injection into the front stage of a compressor has been demonstrated as an effective method of stabilization. Thereby, the air is injected in the vicinity of the tip gap ahead of the first rotor blades. While in the first attempts, research work has concentrated on simple applications, such as high-speed compressor rigs by Spakovszky et al. ͓1͔ and Weigl et al. ͓2͔ , small gas turbines by Nelson et al. ͓3͔ , and single-spool turbojet engines by Freeman et al. ͓4͔ . In recent years, the first investigations of constant air injection on a twin-spool turbofan engine by Leinhos et al. ͓5͔ , also at inlet distortions by Scheidler et al. ͓6͔ , have been published. These studies demonstrated two different ways to achieve the stabilizing effect of air injection. While a constant air injection at defined circumferential positions can eliminate spikes and precursors ͓4͔, a superposed modulated air injection is suited to eliminate modal waves in those turbomachinery applications where they occur ͓1,2͔. The instability inception process of several highspeed compressors is not accompanied by modal waves and it varies with spool speed and inlet flow conditions, as published by Day et al. ͓7͔ . Also, some earlier investigations by Leinhos et al. ͓8͔ on the twin-spool turbofan engine presented here demonstrated that this test vehicle does not build modal waves on which a control system can react properly. The LARZAC 04 twin-spool turbofan engine contains a tip-critical first low-pressure compressor ͑LPC͒ rotor and exhibits different types of instability inception in different speed regimes. In the lower-speed range from idle speed up to about n LPC = 76%, the compression system develops a rotating stall cell, caused by the LPC and travelling around with a fluctuating mode, The result of other previous examinations by Höss et al. ͓9͔ has been affirmed. The tested engine generates a disturbance rotating at LPC rotor frequency as a shaft order perturbation which causes the stall in the higher-speed range. Therefore, two different control strategies have to be applied to cover the entire operating range of the engine to ͑re-͒stabilize its compression system over the whole speed band. The control strategy for the lower-speed range to react on and avoid the rotating stall occurrence has been presented in another assay by Scheidler et al. ͓10͔ . The study presented here focuses on the upper speed range, commencing from n LPC = 78% up to maximum power setting, at which a distortion travelling at rotor speed around the circumference is responsible for triggering the instability onset process. Hence, a control system piloting the air injection system has been adopted to cover the described phenomenon and to extend the stable operating range in this speed area. For this purpose, an available commercial controller has been applied as a derivative of the so-called active instability control ͑AIC͒ system, which is in use for the active control of thermoacoustic instabilities in stationary gas turbines in Hermann et al. ͓11͔. Here, it serves as a control device for attenuating rotor frequency shaft order perturbations and other rotating disturbances by modulated air injection ahead of the first LPC rotor in order to postpone or to avoid the instability onset process. The injected air is provided by an external source and is guided through an appropriate action of highbandwidth direct-drive valves ͑DDVs͒.
The objective is to explore the capabilities of an active stability control measure taking into account the specific conditions and the practical imperfections of an operational twin-spool turbofan engine as a real application onboard an aircraft. Therewith, more can be learned about limitations of such a system and its potential benefits.
Experimental Setup
Test Engine. The tests were performed at the Jet Propulsion Institute's Ground Test Facility using the low-bypass turbofan engine LARZAC 04 C5. The engine is of modular twin-spool design and does not contain inlet guide vanes in front of the LPC. On this account it is well suited for the survey described herein, with air injection ahead of the first LPC rotor, since the injected air flow directly affects the critical stream in the tip region of the first LPC rotor blades. The engine consists of a two-stage highly transonic LPC, a four-stage high-pressure compressor ͑HPC͒, an annular combustion chamber and single-stage high-͑HP͒ and lowpressure ͑LP͒ turbines ͑see Fig. 1͒ . Table 1 lists the main engine's performance data at ISA conditions. The core and bypass flow expand through separate nozzles without being mixed which allows an almost independent throttling of both compressors. In order to operate the compressors of the test engine above their steady-state running line, both nozzles are equipped with independently working throttling devices. Thereby it is possible to run the LPC close to its stability boundary by activating the so-called bypass throttle ͑see Fig. 2͒ . It consists of circular arc segments which are driven by a motor via a chain and can be moved in radial direction ͑see Höss et al. ͓9͔͒. Thus, it is possible to reduce the bypass nozzle exit area and to throttle the LPC independently from the HPC at a first glance. To throttle the HPC the rotational body of the core throttle can be moved in axial direction. This device has not been used in these investigations.
Air Injection System. The Air Injection System consists of a casing which accommodates ten injection channels. The threedimensional computer-aided design designed casing was manufactured by wire-electric discharge machining to blank the injection channels. It is mounted as a part of the engine's inlet duct directly ahead of LPC casing. At the end of each injection channel, a pivoted nozzle is located to accelerate the injected airflow and to ensure a highly subsonic velocity. The pivoted arrangement allows the direction of the injected airstream to be varied between angles of −30 deg and +30 deg ͑Fig. 3͒. The injection nozzles are moved in circumferential direction simultaneously in a collective manner by an actuator ring they are connected with. A positive injection angle corresponds to the direction of rotation of the LPC spool. Some results of investigations of air injection at different angles are published in Leinhos et al. ͓5͔ and Scheidler et al. ͓6͔ .
The distance between the injection nozzles and the first LPC rotor blades corresponds to two mean chord lengths of the blades. This distance allows one to efficiently fight instabilities and their precursors and it also provides sufficient space with regard to mechanical safety aspects. Nevertheless, this arrangement permits the injected air stream to spread somewhat to hit a wider range of the blades' tip region. The results of former investigations by Leinhos et al. ͓8͔ , also with air recirculation by Scheidler et al. ͓6͔, lead to the conclusion that an improved nozzle exit area would lead to better results. Therefore an enhanced air injection nozzle exit area was designed. Compared to the first design the nozzle exit area was reduced significantly. The new designed nozzles were applied for the first time for the investigations of which this paper partially reports about. Figure 4 gives an impression and a comparison of the first and the enhanced nozzle exit area design.
The reduced exit area of the enhanced nozzle design offers an increased injection velocity of the supplied air stream. A discussion about the influence of the injection velocity on the stabilization effects is given in Suder et al. ͓12͔. The air is delivered by an external air supply system, illustrated in Fig. 5 , consisting of a screw compressor, a compressed air dryer, storage vessels, a microfilter, and a pressure reducer to adjust the pressure magnitude of the fed air.
The screw compressor delivers pressurized air at a value of 15 bar. Together with the storage quantity of 7500 liters, this external air supply system enables to investigate the restabilizing effects at test conditions which could be kept stable and stationary for a sufficient time. The amount of maximum available injection air arises from the product of the available air volume in the vessels and the difference in pressure head between the storaged air and the pressure magnitude adjusted at the pressure reducer. The maximum pressure of the injected air was set to 8 bar. After the pressure reducer the air flows through a flexible tube system, passing a mass flow measurement device. The flexible metal tubes are connected to DDVs. These DDVs ensure the proper amount of delivered air and are guided by the control system. They are a derivative of an earlier version by the Moog Company, Germany. Compared to their predecessor, the maximum possible mass flow has been increased by adding a second port and by scaling up the spool diameter. These valves ͑Fig. 6͒ dispose of a bandwidth of up to 280 Hz. They can be almost linearly positioned anywhere between fully closed ͑0%͒ and fully open ͑100%͒. With a supply pressure of 8 bar at ambient temperature, each valve can provide a mass flow maximum of about 130 g / s. Either the injected air flow is rated at a constant value with a predefined opening position of them or, in case the control system is active, the valves receive their input signal by the controller and therefore can react properly on any instabilities and precursors but also on an improvement due to the active stabilization effects obtained by the air injection just done.
The control system is a derivative from a commercial active control system for thermoacoustic instabilities in gas turbines by Hermann, et al. ͓11͔ . The system contains all electronics required for signal processing, data transmission for driving and controlling the DDVs.
The controller is fed with five sensor signals from high sample rate pressure transducers ͑Kulites͒ located at the LPC inlet plane. These sensor signals are processed within the controller. Details about the processing method can be found in Scheidler et al. ͓10͔. The output signal is supplied to the valve͑s͒ necessary to antagonize the instability phenomenon. This can be either only one valve or a few one on a selective basis or all ten of them, depending on the complexion of the instability. Additionally, the mode of the air injection, a constant air flow or a modulated air flow or a flexible combination of both is guided by the control system, too. While previous investigations in this facility by Scheidler et al. ͓6͔ and Leinhos et al. ͓8͔ also considered air recirculation, the analyses in this publication focus on controlled active stability measures by injection of air delivered by the external source only. The entire test setup is displayed in Fig. 7 .
The test bed equipment also affords one the oppertunity to investigate the effects of inlet distortions, as well during instability onset process as during active stability measures as during engine dynamics, for example. Results on these topics are published in Scheidler et al. ͓6, 13͔ and Leinhos et al. ͓14͔. On the basis of the experimental investigations and results, a numerical model was generated to reproduce the active stabilization effects of controlled air injection. This model predicts the time-dependent pressure level in each of the system modules during the throttling phase of the compression system. It is created to simulate the stable and unstable operation of the engine. For the modeling of unstable processes, the simulation starts always at stable operating conditions. The model consists of a straight duct ahead of the LPC, the two LPC stages and a flow splitter which divides the main flow into the core flow and the bypass flow. Behind the HPC, a volume is affixed to represent the combustion chamber. Since the main object of the model was focused on the compression system and its behavior, the simulation of the HP Transactions of the ASME turbine and LP turbine was abandoned to simplify the numerical calculation process. More details about the model, its configuration and setup, its adaptation, and some results gained with it, are discussed in Scheidler et al. ͓10͔.
Instrumentation and Data Acqusition. The LARZAC 04 is equipped with two different kinds of instrumentation. Both are assigned to different tasks and exceed the standard instrumentation of an aeroengine on board an aircraft by far. A number of thermocouples, wall static pressure probes, and total pressure probes, connected with standard pressure transducers are installed throughout the engine ͑Fig. 8͒. They represent the so-called conventional instrumentation, a low sample rate data collecting technique. In total, 96 channels are allocated to individual parameters. Each of the 96 channels is sampled at 1 kHz for 20 ms, providing
Also, the rotor shaft speeds ͑n͒, the thrust ͑Fs͒, the fuel flow ͑V F ͒, the fuel temperature ͑T F ͒, and the bypass throttle position ͑y͒ are measured. All of the parameters recorded this way afford mass flow calculations and a detailed gas path analysis for steady and transient engine operations. By this means, it is possible to compute operating points, compressor maps, and some performance data. A detailed outline of this kind of instrumentation, its sensor types, and the position of the probes can be found in Höss et al. ͓9͔. The data correction and the gas path analysis procedure applied to derive compressor maps, running lines, and performance data is detailed in Herpel et al. ͓15͔ .
Besides the just illustrated conventional instrumentation, a special high-frequency instrumentation is applied to the compression system in order to detect relevant pressure fluctuations during instability onset and to identify different types of instabilities.
High-frequency response of the probes is assured by incorporating miniature piezo-resistive Kulite pressure transducers into the front end of the probes. This gives a minimum time lag and damping of the pressure signals during the process of recording. The parameters are sampled at 51.2 kHz, and they are digitized with a 16-bit resolution. For this purpose, a 16-channel VXI input module by Agilent is used. The signals are filtered with a 20 kHz analog low-pass filter before they are digitized and transferred to a storage device within the control computer. Therefore, in total, 14 wall static and freestream total pressure probes are installed at various positions throughout the LPC and the HPC ͑Fig. 9͒. A simultaneous instrumentation of both compressors, together with the five wall static pressure sensors circumferentially distributed at each of their inlet planes, enables to observe the interaction between the LPC and the HPC, also during instability onset.
With the five sensors in one plane, spatial disturbances up to the second harmonic can be resolved. For the measurements pre- Fig. 8 , four more pressure probes are incorporated in different planes of the compression system to encounter the axial extension of pressure fluctuations and the position at which they start and to track their growth and behavior. Another wall static pressure probe is placed in the first LPC stator ͑sensor 6͒. The total pressure probes are located each at the LPC exit in front of the splitter casing ͑sensor 7͒, in the second-stage stator of the HPC ͑sensor 13͒ and at the HPC exit ͑sensor 14͒. This one is resistant against high temperatures and is designed to measure pressure values up to 10 bar. More details about this high sample rate instrumentation are described in Höss, et al. ͓9͔. The two remaining channels of the input module of the VXI system were used to track the position signal of one of the high-bandwidth DDVs and to record the actual position of the bypass throttle. This enables one to exactly resolve the time lag between the valve input signal and the time after which the compressor flow is affected by the active stability control intervention. The signal of the bypass nozzle enables one to determine a direct relationship between the throttling rate of the LPC, its corresponding instability, and the effect resulting from the active stability control input.
Experimental Results
This paper is the publication of some new results of the investigations made with the enhanced air injection nozzle design ͑see details in the Experimental Setup section of this paper͒. It marks the continuation of the research work done under this topic at earlier studies by Leinhos et al. ͓5, 8͔ and Scheidler et al. ͓6͔ , which start as a feasibility study. While in Scheidler et al. ͓10͔ the newly designed air injection nozzles have also been used ͑for the first time͒ and that publication focuses on the results of an improved rotating stall control ͑only the speed range from idle up to max. n LPC = 76% was investigated͒, this survey concentrates on the active stability control at the upper speed band, from n LPC = 78% up to maximum power setting. Additionally, it constitutes the preliminary completion of the investigations quoted above. For comparison purposes, but also to demonstrate the different development of instabilities over the speed bands, the engine behavior and the possibilities of active stability control measures have been analyzed for n LPC = 78%, n LPC = 84%, and n LPC = 90%. In this speed band, from n LPC = 78% up to maximum power setting, a disturbance travelling with rotor speed is responsible for triggering the instability onset process. Therefore, this paper concentrates on the active stability control measures of this phenomenon.
Stabilization at n LPC = 78%. While up to a speed line of n LPC = 76% the LPC creates a rotating stall which influences the HPC and the entire compression system ͑see Scheidler et al. ͓10͔͒, caused by a distortion at lower-frequency rates ͑ϳf / f rot = 0.66͒, the spool speed of n LPC = 78% is the first speed line at which the compression system generates a surge as a reaction on one individual or multiple pressure spikes. Investigations have shown that a disturbance rotating with the rotor frequency is responsible for triggering the instability onset process ͑see Fig. 10͒ . The speed band between n LPC = 76% and n LPC = 78% is a region where the transition between the two different instability onset processes is fluent.
Once this distortion is antagonized and eliminated by a controlled air injection the system recovers to a stable operating condition. Figure 11 reveals the switch-on of the controller, its control input and action and the stabilized condition after about 130 rotor revolutions of successful intervention. A comparison between constant air injection and air injection guided by the control system at the same opening rate of the DDVs ͑30%͒ substantiates the advantage of the control system. While at constant air injection, the stable operating line breaks off earlier, the controlled air injection Transactions of the ASME enables a further throttling of the LPC and therewith a wider operating range. At n LPC = 78%, this is still of slight appearance but it can be recognized in Fig. 12 .
Stabilization at n LPC = 84%. The investigation of the stabilization effects for n LPC = 84% was started with an assessment of several opening degrees of the valves at constant air injection conditions. As former examinations have already proved, an increased opening degree of the valves improves the stabilizing input. Additionally, in Fig. 13 , the benefit of the enhanced air injection nozzle design is proved. While with the first air injection nozzle generation a valve opening to 50% allowed "only" an extraction of the stable speed line up to the red-colored surge barrier ͑surge and speed line with 3% constant air injection͒, the new modified air injection nozzles enable a much wider stable operation at that running line ͑n LPC = 84%, green color͒. Again, a comparison between constant air injection and air injection guided by the control system at the same opening rate of the DDVs ͑30%, Fig. 14͒ reveals a slight difference in the outcome of the stabilization. The air injection with control results in light higher values of pressure ratio at the same values of corrected mass flow, also for n LPC = 84%, proving the efficiency of the controller.
An analysis of some performance parameters also highlights the positive effects of air injection. As well at unthrottled operation, the influence of air injection increases the total pressure level at the LPC exit significantly ͑Fig. 15͒. As a result of this, the performance of the entire turbofan engine arises. The success of the air injection, especially with the control system active, is depicted in Fig. 16 . While within one test, the LPC is throttled two times and the pressure value of the LPC drops two times dramatically, connected with a surge occurrence each time, the controlled air injection is in the position to recover the compression system and to restabilize the air flow within it, respectively. This gives good confidence in the effectiveness and the reliability of the applied control system together with the impact of air injection.
Stabilization at n LPC = 90%. As for the two lower-speed lines ͑n LPC = 78%, n LPC =84%͒ and for n LPC = 90%, a compressor map was analyzed. The effectiveness and mode of functioning of the air injection guided by the control system appear with a much bigger significance at n LPC = 90%, compared to the lower-speed lines, where this effect was less distinctive. A view of Fig. 17 highlights the greater stable operating range achieved when control is active compared to constant air injection, again for the same opening rate of the valves ͑30%͒. This dominant advantage allows one to reduce the amount of air necessary to recover from an unstable operating condition and to keep the system running stable, also at deep throttled conditions. Nevertheless, again the improvement with the enhanced air injection nozzles is also demonstrated, since a valve opening rate of 30% at constant air injection exceeds the speed and surge limit reached with the first air injection nozzle generation for 3% constant air injection, which for an eminent larger opening position of the injection valves was necessary.
As for the spool speed of 84% also for n LPC = 90%, a survey of some performance parameters was made. Again, the air injection control system was able to restore the stable operating conditions after a severe instability occurrence. Figure 18 demonstrates the recurrence of the pressure level at the LPC exit after the controlled input of the air injection system. Once stabilized, also at throttled and charged conditions, the system stays stable even if the controlled air injection is switched of ͑as happened after about 14 s in the displayed test͒.
To answer open questions and for a deeper understanding of the effects of the controlled air injection, some data from the highfrequency Kulite pressure signals in front of the LPC and of one DDV are analyzed with the spatial Fourier transformation ͑SFT͒ and the power spectral density ͑PSD͒ of the time series of spatial Fourier coefficients, as applied by Garnier et al. ͓16͔ and Tryfonidis et al. ͓17͔ . Since the described frequency analysis has also been accomplished for the lower speeds n LPC = 78% and n LPC = 84% and the findings were the same or very similar to these of n LPC = 90%, respectively. In this publication, only some extracts of the entire fast Fourier transformation ͑FFT͒ analysis at n LPC = 90% are presented on an exemplary basis.
Starting from the lapse of the time signals of the sensors in Fig.  19 , a detailed analysis of the instability causing disturbances and their damping by the controlled air injection has been performed. In Fig. 19 , the controlled action of DDV No. 1 can be tracked. Valve No. 1 is chosen as a representative actuator of all ten DDVs. The valves react directly on the signals coming from the pressure sensors. Starting at the zero point of rotor revolutions, an instability is detected by the control system and an adequate air injection input is generated. After about 190 rotor revolutions, the instability is eliminated and the disturbance is completely damped out, as can be seen in the diagram.
The instability onset process and its progression can be pursued easily in the curves of the circumferential FFT ͑Fig. 20͒. The amplitude of the first-harmonic order shows an increasing charac- Transactions of the ASME teristic with a rising gradient. The corresponding phase runs as an almost ideal linear line. The amplitude of the second-harmonic order shows nearly the same characteristic as the one for the firstharmonic. The phase is uncontinuously falling. Based on this information, the PSD analysis was drawn. Figure  21 represents the PSD of an growing instability. In the frequency spectrum of the first-harmonic order, only one significant disturbance appears, which is situated exactly at the rotor frequency. In Fig. 22 , the successful damping of exactly this disturbance is demonstrated.
Summary and Conclusion
The present experimental study demonstrated the successful damping of the responsible instability onset disturbances by active stability control measures with steered air injection. Specifically, at the higher part-load operation range up to the maximum power setting, the perturbation moving at rotor frequency is successfully eliminated and the engine is restabilized.
While at lower engine speeds, the effectiveness of the controlled active stabilization measures is less distinctive, its profits appear at the higher engine speeds up to maximum power in a significant extent. Since the frequency spectra of the firstharmonic order deliver only one perturbation, which moves at rotor frequency and is responsible for instability onset, the control system can be fed with these signals and it is able to track this perturbation and eliminate it systematically by dedicated air injection. This air injection can happen in a constant manner, pulsed, or any other way, without any regularity. Also, the analysis of some performance parameters proves the positive effects of the air injection supplied to the gas turbine engine. The compressor's pressure level can be increased. The controller also demonstrated its capability to recover the engine from a surge if the responsible perturbation is damped by an adequate active stabilization measure with air injection.
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Nomenclature
F ϭ thrust ͑kN͒ f , f rot ϭ frequency, rotor frequency ͑Hz͒ n ϭ mechanical spool speed ͑rpm͒ p s , p t ϭ static pressure, total pressure ͑Pa͒ ⌸, PI ϭ pressure ratio n LPC ϭ relative corrected spool speed, ͑n LPC / ͱ T t,LPC,inlet ͒ rel ͑%͒ W ϭ mass flow ͑kg/ s͒ WRED ϭ corrected mass flow ͑kg/s· ͱ K / bar͒
